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Abstract 


One of the disadvantages of electric vehicles that has not yet been overcome is the long battery refueling time. Besides studies 
to shorten the battery refueling time, increasing the driving range is also a solution to this problem. Different energy saving 
methods have been tried to increase the driving range. Regenerative braking is one of the best energy-saving methods in electric 
vehicles. Among several different strategies for regenerative braking, in this study, a fuzzy logic-based regenerative braking strat- 
egy is applied to ensure the best regenerative ratio for electric vehicles in any braking case. Moreover, three electric vehicles with 
different powertrains are modeled in MATLAB/Simulink, and their regenerative braking effectiveness is compared. Inputs of this 
fuzzy logic controller were determined as the vehicle speed, brake pedal position, and state of charge data; also, three different 
driving cycles are utilized for simulation. These models are equipped with REMY HVH250-115 electric motor and a battery with 
a capacity of 80 kWh. As a result, the energy-saving amounts are ordered from the best to the worst as all-wheel drive, front- 
wheel drive, and rear-wheel drive configurations. Furthermore, the average energy-saving in the all-wheel drive configuration is 
calculated as 19.11%, in the front-wheel drive configuration is calculated as 9.38%, and in the rear-wheel drive configuration is 


calculated as 7.93%. 
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1. Introduction 


Especially in the last half-century, electric vehicles (EVs) have 
been brought to the agenda again due to the shortage of fossil fuels 
and environmentalist attitudes, and studies are being conducted on 
EVs. Thus, in the near history, EVs became a real rival to conven- 
tional vehicles for the first time [1,2]. 

Up to the present, the most significant disadvantages of EVs com- 
pared to the conventional vehicles were limited range and long refu- 
eling time [3,4]. However, these studies also led to the development 
of battery technology and enabled more extended range and rela- 
tively shorter refueling time. Therefore, it is considered that usage of 
conventional vehicles with internal combustion engines will be dis- 
continued in the near future. 

Some of the advantages of EVs and their electric motors (EMs) 
are listed as follows [5-8]. 

*EMs have high efficiencies and torque value. 

*BEVs do not require complex drivetrain design. 
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*EMs are almost maintenance-free. 

*EVs run quite silently, are environmentally friendly and easy to 
operate. 

In addition to these advantages, EVs make regenerative braking 
possible thanks to their EMs. 

In conventional vehicles, braking can be operated only by a me- 
chanical braking system. However, one of the best advantage of EMs 
is that they can also run as a generator, which enabled the regenera- 
tive braking operation. 

Regenerative braking is a braking method that uses EM to slow 
down the vehicle in case of braking. While regenerative braking, EM 
works in the reverse direction, so that acts as a generator and re- 
charge the battery [9]. Regenerative braking provides [10-13], much 
better control of braking, effectiveness in stop-and-go driving con- 
ditions, less frequently maintenance of mechanical braking system 
and better energy consumption compared to conventional braking. 
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Under proper circumstances, 8-25% of energy saving can be pro- 
cured by regenerative braking. Moreover, regenerative braking is 
considered as the most attractive strategy for energy saving in EVs 
because it does not require any sizeable extra equipment [14]. 

Theoretically, a significant proportion of braking operation can be 
supplied by regenerative braking. However, a suitable proportion of 
regenerative braking must be supplied in reality due to driving safety 
aspects. For this reason, different regenerative braking strategies 
were created [15,16]. There are two common regenerative braking 
strategies as serial and parallel strategies [17]. In the parallel strategy, 
regenerative braking and mechanical braking start simultaneously, 
and regenerative brake operates until peaks. In the serial strategy, 
regenerative braking starts before mechanical braking, and the me- 
chanical braking starts only when the regenerative brake peaks [18]. 
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Figure 1. Serial, parallel and non-regen strategies [19] 


In the serial strategy, the regenerative braking ratio can be in- 
creased compared to the parallel regenerative braking strategy. How- 
ever, it has a limited part of the total braking in order to avoid prob- 
lems that might occur in active driving safety systems [20]. This ratio 
can also be determined by a fuzzy logic controller, which depends 
on different essential factors such as state of charge (SOC), brake 
pedal position (BPP), braking force, speed of the vehicle, and tem- 
perature of the battery [21,22]. 

Uses of simple rules and conventional binary logic are insufficient 
to provide a proper regenerative braking ratio continuously. In con- 
trast, this problem can be overcome by a fuzzy logic controller algo- 
rithm because different braking situations can be defined by fuzzy 
sets and rules [14]. 

In the regenerative braking strategies, different motor layouts 
have a considerable effect on energy saving. All-wheel drive (AWD) 
configurations are quite better than front-wheel drive (FWD) and 
rear-wheel drive (RWD) configurations in energy-saving compati- 
son because in AWD configurations braking force on both front, and 
rear axles can be recovered by regenerative braking. Furthermore, 
FWD configurations are relatively more effective in regenerative 
braking than RWD configurations because of the location of the ve- 
hicle’s center of gravity, which is generally close to the front side, 
and the impact of the inertial force while braking [23,24,25]. 

Zhang et al. applied a fuzzy logic control to the braking system of 
a hybrid electric vehicle in order to increase energy saving and re- 
generative braking efficiency. The energy recovered by regenerative 
braking was improved by 20% with this fuzzy logic control strategy 
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[26]. Xu et al. created a fuzzy logic-based regenerative braking strat- 
egy for EVs to extend their driving range. Braking force, vehicle 
speed, SOC, and battery temperature data were determined as the 
inputs of the fuzzy logic controller. According to experiment results, 
the maximum driving range was improved by 25.7% compared with 
non-regenerative braking system [27]. Maia et al. presented a fuzzy 
logic model of regenerative braking in order to avoid the use of EV 
on-board sensors. As the average of two different test results, 4.04 
kWh energy in reality, and 4.83 kWh energy in the simulation were 
recovered by regenerative braking [28]. Tao et al. proposed a regen- 
erative braking control strategy based on fuzzy logic for an EV with 
four in-wheel motors. In order to increase energy-saving efficiency 
and protect the battery, the SOC variable has been taken into account. 
Under NEDC, energy recovery efficiency was observed as %17.6 
[29]. Xiao et al. proposed a new regenerative braking strategy based 
on a fuzzy logic controller with SOC, motor speed, and brake 
strength inputs. This strategy was simulated under different driving 
cycles and a braking scenario, compared to two different braking 
strategies. According to the results, the braking performance of the 
model, which has a fuzzy logic-based regenerative braking strategy, 
was improved by 21.1% for NEDC [30]. Xin et al. created two dif- 
ferent composite brake control strategies based on a fuzzy logic con- 
troller for load-isolated electric buses and determined SOC and the 
braking intensity data as the inputs of this fuzzy logic controller. Ac- 
cording to simulation results, the driving range of the vehicle was 
improved by 7.74%, and the energy-saving rate was improved by 
11.05% [31]. 

In the previous study, which is proposed by Kocakulak and 
Solmaz, three different hybrid vehicle configurations, pre-transmis- 
sion parallel hybrid, post-transmission parallel hybrid, and serial hy- 
brid, were modeled. Moreover, their average fuel consumption was 
calculated and compared for different driving cycles. Also, a fuzzy 
logic-based regenerative braking strategy was created for these mod- 
els where the inputs of this fuzzy logic controller are SOC, vehicle 
speed, battery current and pedal position. Under the ECE 15 driving 
cycle, the energy-saving amounts were ordered from the best to the 
worst as series (%14.22), pre-transmission parallel (%11.5), and 
post-transmission parallel hybrid (%9.95) models [22]. 

In this study, a fuzzy logic-based regenerative braking strategy is 
created to ensure the ideal regenerative braking ratio in any braking 
case for three BEVs with different powertrains (FWD, RWD, and 
AWD). These three BEV configurations are modeled in 
MATLAB/Simulink. 

Specifications of an average four-door sedan are used as simula- 
tion parameters. Also, three different driving cycles (NEDC, WLTP 
Class 3, and FTP-75) are used as reference speed graphs, and the 
models are controlled by a PID controller. REMY HVH250-115 
electric motor is utilized as the EM, and these models are equipped 
with a battery with a capacity of 80 kWh. 

Thus, some values such as driving range, SOC, average energy 
consumption (AEC), EM torque, EM power, acceleration, speed, 
and total distance are calculated and commentated. In addition to 
these data, especially regenerative braking efficiencies of these three 
configurations are determined and comparatively examined. 
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2. Material and Method 


The BEV models consist of 6 subsystems: driver, EM, driveline, 
longitudinal resistance forces, battery, and brake. 


2.1 Driver Subsystem 


Three different drive cycle sources (NEDC, WLTP Class 3, and 
FTP-75) are utilized as time-dependent reference speed for simula- 
tion. The system is controlled by a PID controller, and the vehicle 
speed is used as feedback data. The output of the PID controller is 
limited/saturated between -1 and 1. From -1 to 0 is assigned as the 
BPP, and from 0 to 1 is assigned as the accelerator pedal position 
(APP). Furthermore, the actual EM torque is obtained by multiply- 
ing the APP by the maximum EM torque. 
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Figure 2. Driver subsystem 
2.2 EM Subsystem 


It is essential to choose an EM with the proper torque and high- 
efficiency values for EVs. 

In this study, specifications of REMY HVH250-115 Electric Mo- 
tor are utilized as EM data of the models. The mass of the EM is 57.2 
kg, the peak torque is 420 Nm, and the peak efficiency is greater 
than %95. 
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Figure 3. EM Torque Graph [33] 
2.3 Driveline Subsystem 


Two different equations, to calculate the angular speed of the EM, 
are obtained for AWD and F/RWD configurations. For F/RWD con- 
figurations, the driving force is only transmitted through the 
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front/rear axle. 


Electric 
Motor 


___ Differential 


Figure 4. EM layout of F/RWD configurations 


For AWD configurations, the driving force is transmitted through 
both front and rear axles. 


Propeller Shaft 


Figure 5. EM layout of AWD configuration 


Eq. (1) is used to calculate the angular speed of the EM for 
F/RWD configurations [9]. 
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Eq. (2) is used to calculate the angular speed of the EM for AWD 
configurations. AWD power train has double axles. For this reason, 
an additional axle moment of inertia has been added to the F/RWD 
vehicle powertrain transfer function. 
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where Wy EM denotes the angular speed of the EM, Ty de- 
notes the torque of the EM, 7,, denotes the torque of the wheel, 
Jem denotes the mass moment of inertia of the EM, J, denotes the 
mass moment of inertia of the wheel, J, denotes the mass moment 
of the inertia of the axle, J, denotes the mass moment of the inertia 
of the propeller shaft, i, denotes the final drive reduction ratio, and 
Nq denotes the efficiency of the final drive. 


2.4 Longitudinal Resistance Forces Subsystem 


In this study, only longitudinal vehicle dynamics are considered. 
Neither active safety systems nor lateral/vertical vehicle dynamics 
are considered. 
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Figure 6. Longitudinal forces acting on the vehicle [34] 


The external longitudinal forces acting on the vehicle that moves 
on an inclined road are aerodynamic drag forces, gravitational forces, 
longitudinal traction forces on tires, and rolling resistance forces [34]. 
Fy = Fyg + Fer — Faero — Rug — Rer — mgsin(®) (3) 

Total traction force (F;,) can be expressed as the sum of the lon- 
gitudinal traction forces at both front and rear tires. 


Fry = xf + Fer (4) 
Also, the term of ‘mgsin(@)’ can be described as the gravita- 
tional load on the vehicle. Besides all these, aerodynamic drag force, 
rolling resistance force, and inertial force can be described as in Eq. 
(6). 
Fry = ma +=pCaAp(V + Vwina)® + Fe Crr (5) 
where F,,- denotes the longitudinal traction force at the front 
tires, F,, denotes the longitudinal traction force at the rear tires, 
Fyero denotes the longitudinal aerodynamic drag force, Ry, de- 
notes the force due to rolling resistance at the front tires, R,, de- 
notes the force due to rolling resistance at the rear tires, m denotes 
the mass of the vehicle, a denotes the acceleration of the vehicle, g 
denotes the gravitational acceleration, 9 denotes the angle of incli- 
nation, F; denotes the inertial force of the vehicle, p denotes the 
mass density of air, Cy denotes the aerodynamic drag coefficient, 
A, denotes the projected frontal area of the vehicle in the direction 
of travel, V denotes the longitudinal vehicle velocity, Ving de- 
notes the wind velocity (positive for a headwind and negative for a 
tailwind), F, denotes the normal force to the tire, and C,, denotes 
the rolling resistance coefficient. 


2.5 Battery Subsystem 


The BEV models are equipped with a battery with a capacity of 
80 kWh. The battery power is determined by dividing EM power by 
EM efficiency in order to obtain total energy consumption of the 
system (Accessory load is also considered). The obtained energy 
consumption data are utilized to calculate battery current, AEC, and 
SOC. Also, the initial value of SOC is determined as 90% to increase 
regenerative braking efficiency during the simulation. 
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Figure 7. Battery Subsystem 


2.6 Brake Subsystem 


While the normal force distribution on the tires is being deter- 
mined, the net pitch torque on the vehicle can be assumed as zero, 
which means that the pitch angle of the vehicle is assumed to reach 
a steady-state value [34]. 
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Figure 8. The normal force distribution on tires during braking 


F,¢,ain 18 described by taking moments about the contact point of 
the rear tire (Fig. 8). 
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Fi pain = Lytle (10) 


Fain is described by taking moments about the contact point of 
the rear tire (Fig. 8). 
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Maximum adhesion between front tires and road while braking is 
described as in Eq. (12). 


(12) 


Maximum adhesion between rear tires and road while braking is 
described as in Eq. (13). 


By = MP pain 


By = UF erdin (13) 


where F,¢ gin denotes the normal force at the front tires, Fz, ain 
denotes the normal force at the rear tires, B,- denotes the maxi- 
mum braking force at the front tires, B,, denotes the maximum 
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braking force at the rear tires, Ly denotes the distance between front 
tires and center of gravity, L, denotes the distance between rear 
tires and center of gravity, h denotes the height of the center of 
gravity, and wz denotes the adhesion coefficient of the wheels. 

There are three different regenerative braking strategies for each 
configuration. For this reason, three different braking subsystems 
should be set. 

In the colored areas, maximum adhesion between front/rear tires 
and road, which refers to the maximum braking force of the related 
tire, is calculated. Then, the actual braking force on the related tire is 
obtained by multiplying the BPP by the maximum braking force (Fig. 


a Total Mechanical 


Braking Force [N] 


Regenerative Braking 


d Force [N] 
na inon-Regen — mG) 
| Regenereative 


Fuzzy Logic 


Controller Braking Ratio [%] 


ow 


@) soc [%] 


BPP [%] 


iS 


[km/h] 


Fig. 9. AWD Brake Subsyste 


Regenerative braking is only possible with the braking force on 
front wheels for FWD configuration and with the braking force on 
rear wheels for the RWD configuration. However, it is both possible 
with the braking force on the front and rear wheels for the AWD 
configuration. 

Moreover, the fuzzy logic controller determines the regenerative 
braking ratio in all cases accurately, and this ratio is utilized to cal- 
culate the regenerative braking force. 

A Mamdani fuzzy logic controller with three inputs and one out- 
put is created to determine the regenerative braking ratio. Input data 
of the fuzzy logic controller are determined as vehicle speed, SOC, 
and BPP. Moreover, the output of the fuzzy logic controller is deter- 
mined as the regenerative braking ratio. 
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Figure 10. Fuzzy logic controller 


For vehicle speed variable, membership functions are determined 
as low, medium, and high speeds in the range of 0-200 km/h. Vehicle 
speed has a significant effect on brake safety [14]. If the vehicle 
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speed is low, the regenerative braking ratio should also be low to 
ensure braking safety. If the vehicle speed is medium, the regenera- 
tive braking ratio can be increased correspondingly. The condition, 
where the vehicle speed is high, is determined as the optimum stage 
for regenerative braking. 

For the SOC variable, membership functions are determined as a 
low, medium, and high in the range of 0-1. If SOC value is lower 
than 10%, the inner resistance of the battery has a high value, which 
is Inappropriate for charging. For this reason, the regenerative brak- 
ing ratio should be low at this stage. If SOC value is between 10% 
and 90%, it is the ideal situation to charge the battery with a large 
current, and the regenerative braking ratio should be increased cor- 
respondingly. If SOC value is higher than 90%, the regenerative 
braking ratio should be decreased to prevent the deposit of li-on [14]. 
For the BPP variable, membership functions are determined as low, 
medium, and high demands in the range of 0-1. 

If braking demand is low, it is the optimum stage for regenerative 
braking. The EM can ensure most of the braking demand, and it en- 
ables high energy saving. If braking demand is high, a quick re- 
sponse should be provided to the system. For this reason, the major- 
ity of the braking force is supplied by mechanical braking. Further- 
more, the regenerative braking ratio takes the lowest values at this 
stage. The medium braking demand is inferentially generated be- 
tween these two stages. For the regenerative braking ratio variable, 
membership functions are determined as very low (VL), low (L), 
medium (M), high (H), and very high (VH) demands in the range of 
0-1. 
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Figure 11. Membership Functions 


Table 1. Fuzzy logic rule table 
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A fuzzy logic rule algorithm is created to determine output states 


corresponding to different values of these three input variables. The 
rules algorithm is the set of fuzzy rules to be used for inference, and 
thanks to these if-then rules, the response of the system in different 
situations can be determined. 

In this study, each input variable has three different states, and the 
fuzzy logic rule table contains 27 if-then rules that include all com- 
binations of these input variables. The fuzzy logic rules are created 
by considering the conditions of the input variables mentioned above. 
It also shows that experience is the most significant thing while 
working with fuzzy logic. The fuzzy logic rule algorithm (if-then 
rules) and related membership functions are given in Table 1 and Fig. 
11, respectively. 


2.7 Simulation Parameters 


The specifications of the BEV models and the simulation param- 
eters are given in Table 2. Vehicle parameters are taken from studies 
in the literature, vehicle and product catalogs. The same parameters 
were used for all vehicle structures examined in the study. 


Table 2. BEV models and the simulation parameters 


Parameters Values 
Mass of the vehicle 1850 kg 
Battery capacity 80 kWh 
Battery nominal voltage 500 V 
Accessory load 1kW 
Wheel radius (rw) 0.339 m 
The frontal area of the vehicle 2.05 m? 
Aerodynamic drag coefficient (Ca) | 0.27 
Rolling resistance coefficient (Cyr) 0.018 
Adhesion coefficient (11) 0.7 
Gravitional acceleration (g) 9.81 m/s? 


Air density 1.1839 kg/m? 
Final drive ratio (reduction ratio) (i) | 6 
Inclination angle 0° 


The efficiency of the final drive (n) | 0.96 
Height of the center of gravity (h) 0.45 m 
Distance between rear tires and 1.5m 
center of gravity (Lr) 

Distance between front tires and 1.35 m 
center of gravity (Ls) 

Mass moment of the wheel 1.15 kgm? 
Mass moment of the propeller shaft_| 0.55 kgm? 
Mass moment of the axle 0.5 kgm? 
Mass moment of EM 0.086 kgm? 


3. Results and Discussion 


3.1 Distance, Speed, and Acceleration Graphs 


In the first graph, reference/actual vehicle speed curves and in the 
second graph, acceleration data of the vehicle are shown (Fig. 12). 
Total distance, vehicle speed (1st graph), and acceleration (2nd 
graph) data are obtained from the EM speed data, which is calculated 
in the Driveline Subsystem. As it is seen in the first graph, reference 
speed overlaps with the actual vehicle speed, which affirms the truth 
of the others (Fig 12). 
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Figure 12. Speed and acceleration graphs (NEDC) 


The vehicle reaches to 11 km in NEDC, 23.3 km in WLTP Class 
3, and 17.77 km in FTP-75. Moreover, the average speed of the ve- 
hicle is 33.6 km/h in NEDC, 46.5 km/h in WLTP Class 3, and 34.1 
km/h in FTP-75 (Table 3). 

Also, the operating time of NEDC is 1200 seconds, WLTP Class 
3 is 1800 seconds, and FTP-75 is 1874 seconds. 


Table 3. Specifications of driving cycles 


Total Maximum Average 
Distance (km) | Speed (km/h) | Speed (km/h) 
NEDC 11 120 33.6 
WLTP 
Class 3 23.3 131.3 46.5 
FTP-75 17.77 91.25 34.1 
3.2 Distance, Speed, and Acceleration Graphs 
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Figure 13. EM Torque graphs (NEDC) 


n n 
0 200 400 1200 


17 


EM torque graphs for FWD, RWD, and AWD models are shown 
in the first, second, and third lines, respectively (Fig. 13). 

EM torque depends on APP and BPP values. When the pedal po- 
sition is greater than 0, which is driving mode, EM torque takes pos- 
itive values. When the pedal position is smaller than 0, which is the 
braking mode, EM torque takes negative values proportional to the 
regenerative braking ratio. As it is seen in Fig. 13, the driving time 
is considerably more than the regenerative braking time. EM power 
and battery current also take negative values during regenerative 
braking. 

Given regenerative braking times, the FWD model has a relatively 
more regenerative braking time than the RWD model. In contrast, 
the AWD model has a considerably more regenerative braking time 
than both. 
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Figure 14. EM Torque comparison (NEDC) 
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In Fig. 14, EM Torque curves for FWD, RWD, and AWD config- 
urations are given in the same graph. Only the last 80 seconds of the 
simulation are considered in order to make the graph more under- 
standable. As can be seen from this comparative graph, FWD and 
RWD configurations have the same values during the driving mode. 
However, the FWD configuration is more effective than the RWD 
configuration during regenerative braking. Besides, the AWD con- 
figuration sometimes takes different values during the driving mode 
because of its driveline equation is different from the others. Further- 
more, AWD configuration is quite active during regenerative brak- 
ing compared to the others. 


3.3 Regenerative/Mechanical Braking Forces Graphs 


Regenerative braking force (RBF) graphs for FWD, RWD, and 
AWD models are shown in the first, second, and third lines, respec- 
tively (Fig. 15). 

As it is seen in Fig. 15, the FWD model has a relatively higher 
RBF than the RWD model. In comparison, the AWD model has a 
considerably higher RBF than both, which means AWD configura- 
tion has a more significant proportion of regenerative braking during 
braking compared to FWD and RWD configurations. 
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Figure 15. Regenerative Braking Forces graphs (NEDC) 


In Fig. 16, RBF curves for FWD, RWD, and AWD configurations 
are given in the same graph. Only the last one-third of the simulation 
is considered in order to make the graph more understandable. As 
can be seen from this comparative graph, the maximum RBF ob- 
served during braking for the FWD configuration is approximately 
735 N, for the RWD configuration approximately 605 N, and for the 
AWD configuration approximately 1500 N. Also, average force val- 
ues during regenerative braking are ordered from the highest to the 
smallest as AWD, FWD, and RWD models. 
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Figure 16. Regenerative Braking Forces comparison (NEDC) 
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Figure 17. Mechanical Braking Forces graphs (NEDC) 
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Mechanical braking force (MBF) graphs for FWD, RWD, and 
AWD models are shown in the first, second, and third lines, respec- 
tively (Fig. 17). 

As it is seen in Fig. 17, AWD configuration has the smallest pro- 
portion of mechanical braking while braking compared to FWD and 
RWD configurations. Moreover, the RWD model has a higher MBF 
than both, which means RWD configuration has a more significant 
proportion of mechanical braking during braking compared to FWD 
and AWD configurations. 
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Fig. 18. Mechanical Braking Forces comparison (NEDC) 
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In Fig. 18, MBF curves for FWD, RWD, and AWD configura- 
tions are given in the same graph. Only the last one-third of the sim- 
ulation is considered in order to make the graph more understandable. 
As can be seen from this comparative graph, the maximum MBF 
observed during braking for the FWD configuration is approxi- 
mately 1850 N, for the RWD configuration 1950 N, and for the 
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AWD configuration 1600 N. Also, average force values during me- 
chanical braking are ordered from the highest to the smallest as 
RWD, FWD, and AWD models. 


3.4 State of Charge Graphs 


In Fig. 19, SOC values of both regenerative and non-regenerative 
configurations of FWD, RWD, and AWD models are shown. Only 
the last part of the simulation is considered in order to make the 
graph more understandable. 

As aresult of the driving cycles, models with regenerative braking 
are significantly more economical in terms of energy consumption 
compared to non-regenerative models. 

As it is seen in Fig. 19, the most outstanding energy saving is ac- 
complished in the AWD model. The non-regenerative configura- 
tions of the FWD and RWD models have the same results, while the 
FWD model has slightly better energy consumption characteristics 
than the RWD model in regenerative braking configurations. 
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Fig. 19. SOC comparison (NEDC) 


3.5 Range and Average Energy Consumption Comparison 


Although it is an unhealthy condition for the battery, the system 
was operated until the SOC value reached 0% from 100% in order 
to consider the effectiveness of the fuzzy logic-based regenerative 
braking in any case. 

In this period, the distances traveled by the models are determined, 
and these distances are called as their driving ranges. Also, the AECs 
of the models are calculated by dividing the battery capacity by the 
distance traveled. 


Table 4. Range and AEC comparison (NEDC) 


w/RB w/o RB 
Range AEC Range AEC 
(km) | (Wh/km) |_ (km)_| (Wh/km) 
FWD | 435.7 183.61 403.08 198.47 
RWD | 430.8 185.71 403.08 198.47 
AWD | 463.25 | 172.69 391.56 204.31 


Under NEDC, the AEC of AWD is calculated as 172.69 Wh/km 
for regenerative configuration and 204.31 Wh/km for non-regenera- 
tive configuration. The AEC of FWD is calculated as 183.61 Wh/km 
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for regenerative configuration and 198.47 Wh/km for non-regenera- 
tive configuration. 

The AEC of RWD is calculated as 185.71 Wh/km for regenerative 
configuration and 198.47 Wh/km for non-regenerative configuration 
(Table 4). 

Under NEDC, the range of AWD is calculated as 463.25 km for 
regenerative configuration and 391.56 km for non-regenerative con- 
figuration. The range of FWD is calculated as 435.7 km for regener- 
ative configuration and 403.08 km for non-regenerative configura- 
tion. The range of RWD is calculated as 430.8 km for regenerative 
configuration and 403.08 km for non-regenerative configuration 
(Table 4). 


Table 3. Range and AEC comparison (WLTP Class 3) 


w/RB w/o RB 
Range AEC Range AEC 
(km) | (Wh/km) | (km) _| (Wh/km) 
FWD | 424.13 188.62 386.56 206.95 
RWD | 417.92 191.42 386.56 206.95 
AWD | 458.22 174.59 374.74 213.48 


Under WLTP Class 3, the AEC of AWD is calculated as 174.59 
Wh/km for regenerative configuration and 213.48 Wh/km for non- 
regenerative configuration. The AEC of FWD is calculated as 
188.62 Wh/km for regenerative configuration and 206.95 Wh/km 
for non-regenerative configuration. The AEC of RWD is calculated 
as 191.42 Wh/km for regenerative configuration and 206.95 Wh/km 
for non-regenerative configuration (Table 5). 

Under WLTP Class 3, the range of AWD is calculated as 458.22 
km for regenerative configuration and 374.74 km for non-regenera- 
tive configuration. The range of FWD is calculated as 424.13 km for 
regenerative configuration and 386.56 km for non-regenerative con- 
figuration. The range of RWD is calculated as 417.92 km for regen- 
erative configuration and 386.56 km for non-regenerative configu- 
ration (Table 5). 


Table 6. Range and AEC comparison (FTP-75) 


w/RB w/o RB 
Range AEC Range AEC 
(km) | (Wh/km) | (km) _| (Wh/km) 
FWD | 440.8 181.49 388.76 205.78 
RWD | 431.2 185.52 388.76 205.78 
AWD | 489.67 163.38 373.9 213.96 


Under FTP-75, the AEC of AWD is calculated as 163.38 Wh/km 


for regenerative configuration and 213.96 Wh/km for non-regenera- 
tive configuration. The AEC of FWD is calculated as 181.49 Wh/km 
for regenerative configuration and 205.78 Wh/km for non-regenera- 
tive configuration. 

The AEC of RWD is calculated as 185.52 Wh/km for regenerative 
configuration and 205.78 Wh/km for non-regenerative configuration 
(Table 6). 

Under FTP-75, the range of AWD is calculated as 489.67 km for 
regenerative configuration and 373.9 km for non-regenerative con- 
figuration. The range of FWD is calculated as 440.8 km for regener- 
ative configuration and 388.76 km for non-regenerative configura- 
tion. The range of RWD is calculated as 431.2 km for regenerative 
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configuration and 388.76 km for non-regenerative configuration 
(Table 6). 


4. Conclusions 


In this study, the regenerative braking effectiveness of three dif- 
ferent BEVs with different powertrains (FWD, RWD, and AWD) 
was determined by simulation. Besides, non-regenerative configura- 
tions of these systems were utilized for comparison. Various values, 
such as the driving range, AEC, and SOC, were obtained. 

When comparing regenerative configurations with non-regenera- 
tive configurations, the energy-saving amounts are ordered from the 
best to the worst as AWD, FWD, and RWD models. 

Under NEDC, 15.48% energy saving in the AWD model, 7.49% 
in the FWD model, and 6.43% in the RWD model were observed. 
Thanks to the fuzzy logic-based regenerative braking strategy, 71.69 
km extra range in the AWD model, 32.62 km in the FWD model, 
and 27.72 km in the RWD model were observed. 

Under WLTP Class 3, energy saving in the AWD model is 


18.22%, in the FWD model is 8.86%, and in the RWD model is 7.5%. 


Moreover, additional range supplied by regenerative braking is 
83.48 km in AWD, 37.57 km in FWD, and 31.36 km in RWD mod- 
els. 

Under FTP-75, energy saving in the AWD model is 23.64%, in 
the FWD model is 11.8%, and in the RWD model is 9.85%. Moreo- 
ver, additional range supplied by regenerative braking is 115.77 km 
in AWD, 52.04 km in FWD, and 42.44 km in RWD models. 

The arithmetic mean of the energy-saving values, which is sup- 
plied by fuzzy logic-based regenerative braking, in these three driv- 
ing cycles is calculated. 

Consequently, the mean energy-saving in AWD configuration is 
calculated as 19.11%, in FWD configuration is calculated as 9.38%, 
and in RWD configuration is calculated as 7.93%. 

The reason why the FWD model has higher energy-saving poten- 
tial than the RWD model is that the braking force on the front axle 
is greater than the braking force on the rear axle. Therefore, the RBF 
is higher in the FWD model. 

Also, the AWD model naturally has a higher energy-saving po- 
tential than the other two models since the braking force on both ax- 
les can be used in regenerative braking on the AWD model. 

As with any modeling, there are certain assumptions and ne- 
glected parameters in this study in order to simplify the models as 
much as possible, with a small amount of error. 

In order to improve this study; 

eA more advanced battery subsystem can be created by consider- 
ing factors such as battery temperature and battery voltage as de- 
pendent variables. 

¢Vertical/lateral vehicle dynamics and active driving safety sys- 
tems can be considered. Thus, an inclined driving cycle can be cre- 
ated and applied. 

Driving cycles have relatively low acceleration and low braking 
demands. The effect of the fuzzy logic-based regenerative braking 
system can be better analyzed by creating an advanced braking sce- 
nario. 

The regenerative braking ratio, which is the output of the fuzzy 
logic controller, can be defined more gradually. Also, the fuzzy rules 
table can be developed by investigating various braking situations. 

In the FWD, RWD, and AWD configurations, the exact location 
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of the vehicles’ center of gravity can be explored. 


Nomenclature 
NEDC New European Driving Cycle 
WLTP Worldwide Harmonised Light Vehicles Test Procedure 
FTP-75 Federal Test Procedure 
BEV Battery Electric Vehicle 
EM Electric Motor 
FWD Front-Wheel Drive 
RWD Rear-Wheel Drive 
AWD All-Wheel Drive 
BPP Brake Pedal Position 
APP Accelerator Pedal Position 
AEC Average Energy Consumption 
SOC State of Charge 
RB Regenerative Braking 
RBF Regenerative Braking Force 
MBF Mechanical Braking Force 
W/ With... 
W/O Without... 
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